While characterizing developmental changes in aortic wall composition in sheep, we observed very rapid accumulation of elastin and collagen in the immediate perinatal period. Thoracic aortic elastin content increased by 41%, and collagen content increased by 49%o in -1 week, between 140 days gestation and 3 days postpartum (term= 145 days). Even larger changes were observed in the abdominal aorta. Elastin content increased by 66%, and collagen increased by 57%. The pronounced increase in wall tissue accumulation near birth preceded a marked postnatal increase in arterial pressure. We propose that this elastin and collagen accumulation is a preadaptive response in preparation for the later increase in pressure. The prenatal and postnatal events that initiate this synthesis and accumulation are not known. We also found that, in the 3 weeks after this initial rapid increase, accumulation of elastin and collagen was markedly reduced in the abdominal, but not the thoracic, aorta. This latter finding may be linked to the dramatic decrease in flow through this vessel that results from the loss of the placental circulation. Finally, we observed that relatively high smooth muscle cell replication rates in the abdominal aorta postpartum resulted in no net DNA accumulation. This finding indicates that cell turnover plays an important role in postnatal arterial growth and development. (Circulation Research 1991;69:1165-1169 T here is a strong evidence that hemodynamic factors influence arterial growth. Experimentally induced alterations in blood flow rates through arteries of young animals alter subsequent increases in diameter",2 and affect accumulation of specific wall constituents.3 Increases in arterial pressure can also stimulate growth of blood vessels, although wall thickness rather than vessel diameter is affected.4,5 If hemodynamic factors provide cues that modulate arterial growth, then there should be major changes in blood vessels at birth, since there are large and abrupt changes in hemodynamic function at this time. There is a widespread redistribution of cardiac output, as fetal vascular shunts are closed and tissues take on postnatal metabolic functions.6'7 Simultaneously, systemic arterial pressure begins to increase dramatically.7'8 In the present study, we have characterized changes in thoracic and abdominal aortic wall tissue composi-
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Materials and Methods
Lambs were studied at 120 and 140 days of gestation and at 3 and 21 days postpartum (term was 144±2 days in the latter two groups). Separate groups were used for measurement of arterial pressure and for biochemical analysis of arterial tissue.
Surgical Procedures and Physiological Recording
At 116 or 136 days of gestation, ewes were anesthetized with thiopental sodium (1 g i.v.), intubated, and artificially ventilated. Anesthesia was maintained with 1-2% halothane in oxygen, and lactated Ringer's solution (500 ml/hr) was given intravenously. The uterus was exposed through a midline abdominal incision, and the fetal hind limbs were withdrawn through a uterine incision. A catheter was inserted into one femoral artery and advanced into the aorta; a second catheter was inserted into the inferior vena cava or left ventricle for microsphere determinations of blood flow distribution, which will be reported elsewhere. After closing the fetal leg incision, a catheter was mounted on the skin over the leg to record amniotic pressure. The uterine incision was closed, the catheters were exteriorized through a small incision in the flank of the ewe, and the abdominal incision of the ewe was closed. Postoperative analgesia was provided using 5 mg Numorphen suppositories (Dupont Chemicals Inc., Scarborough, Canada).
Catheters were flushed twice daily with sterile heparinized saline (20 units/ml) to maintain patency. Amniotic pressure was recorded continuously. Fetal femoral arterial pressure, relative to amniotic pressure, was recorded for 1 hr/day on a polygraph (model 78, Grass Instruments, Quincy, Mass.), by coupling catheters to Statham P23 pressure transducers (Gould Inc., Oxnard, Calif.). Arterial blood Po2, Pco2, and pH were measured every other day from a 1-ml sample of blood using a pH/blood gas analyzer (model 170, Corning Medical and Scientific, Medfield, Mass.). Measurements were made until the fetuses reached 120 or 140 days of gestation.
Surgery was also performed on ewes from 140-144 days of gestation as described above, and fetal arterial pressure was measured daily. When amniotic pressures indicated the onset of labor, catheters were knotted and cut close to their point of exit from the ewe. The ewes delivered lambs vaginally with staff in attendance. Catheters were packaged in the pockets of nylon jackets worn by the lambs, and femoral arterial pressure was measured for 1 hour daily with the lambs suspended in slings, until they reached 3 days of age.
Similar surgery and instrumentation were performed on 14-day-old lambs that were anesthetized with 1-1.5% halothane in 02 delivered via a face mask. Subsequently, the lambs were suspended in a sling for 1 hr/day for measurement of arterial pressure daily until they reached 20 days of age.
Biochemical Analyses
Biochemical composition of the aortic wall tissue was determined from vessels harvested from uninstrumented lambs at 120 and 140 days of gestation and at 3 and 21 days postpartum. After the lambs were killed, the aortas were cleared of loosely adhering tissue. The thoracic aorta was excised between the first intercostal arteries and the diaphragm, and the abdominal aorta was excised between the left renal artery and the iliac bifurcation. Vessel lengths were measured in situ and after excision. The vessels were then subdivided into standard segments for analysis of DNA, elastin, and collagen content. Segment and total vessel wet weights were used to compute contents per centimeter of in situ vessel length. Contents per centimeter were examined because increases in length are linked to general growth of the lambs and are unrelated to hemodynamic factors.
Biochemical analyses were performed as previously described.3 DNA content was determined using the fluorometric assay of LaBarca and Paigen.9 The method exploits the enhancement by DNA of the fluorescence of bisbenzimidazole (Hoechst 33258). Collagen and elastin contents were measured by treating the tissue with cyanogen bromide, a reagent that cleaves proteins at methionine residues.10 Elastin lacks methionine residues and is therefore resistant to digestion using this reagent, whereas collagen and other methionine-containing connective tissue proteins are solubilized. Amino acid analysis was performed on the insoluble residue to confirm that it was pure elastin, and the residue was dried and weighed to determine elastin content. Collagen content was measured by assaying for hydroxyproline in the cyanogen bromide extract.11
Smooth Muscle Cell Replication Rate
A small segment (0.3-0.6 mm in length) was excised from the middle of the abdominal aorta and used for ex vivo determination of cell replication rates.12 Segments were immersed in Hanks' minimum essential medium with HEPES buffer (GIBCO, Grand Island, N.Y.) and bubbled with air. The flasks were incubated at 37°C for 1 hour in a shaking water bath. At this time [3H]thymidine (Dupont Inc., Streetsville, Canada) was added to the medium at a concentration of 10 ,uCi/ml, and the tissue was incubated for another hour and then rinsed with ice-cold saline. Vessel segments were immersion-fixed in 1% paraformaldehyde and 1% glutaraldehyde in phosphate buffer, and tissues were processed for light microscopy. Sections were deparaffinized in xylene, air-dried overnight, then dipped in Kodak NTB-2 emulsion, and stored at 4°C in complete darkness for 1 week. The slides were developed in Kodak D-19 developer and stained with Mayer's hematoxylin (Sigma Chemical Co., St. Louis, Mo.). The percentage of labeled cells was counted using a Nikon photomicroscope.
Data Analysis
Analysis of variance, followed by Bonferroni t tests, were used to determine significant changes in blood pressure, DNA, elastin and collagen contents, and cell replication rates of aortic tissue.
Results

Arterial Pressure and Blood Gas Data
Mean arterial pressure did not change significantly during late gestation or in the first 3 days after birth; however, arterial pressure increased by 47% by 3 weeks after birth (Figure 1 ). Fetal and neonatal arterial Po2, Pco2, and pH were in accord with previous measurements from fetal and neonatal blood samples.13
Elastin and Collagen Contents From 120 to 140 days of gestation, mean values for elastin and collagen contents increased in both aortic segments (Figure 2 ). Thoracic aortic elastin content per centimeter increased by 109%, and collagen content increased by 28%, whereas abdominal aortic elastin content increased by 28%, and collagen content increased by 18%. However, only the increase in thoracic aortic elastin was statistically significant. There was a striking acceleration of elastin and collagen accumulation between 140 days of gestation and 3 days postpartum, a period that averaged only 8 days (Figure 2 ). Thoracic aortic elastin content per centimeter increased by 41%, and collagen content increased by 49% per centimeter of vessel length. Connective tissue accumulation was even greater in the abdominal aorta, where elastin content per centimeter increased by 66%, and collagen increased by 57%. Except for thoracic aortic elastin, these increases were both statistically significant and much larger than those characterizing the preceding 20 days.
From 3 to 21 days postpartum, the thoracic aorta continued to accumulate elastin and collagen, but at a reduced rate. Elastin content per centimeter increased by 42%, and collagen content increased by 18% over this 18-day period (Figure 2 ). Abdominal aortic elastin and collagen content per centimeter did not change between 3 and 21 days postpartum (Figure 2 ).
DNA Content
From 120 to 140 days of gestation, DNA content per centimeter of vessel length did not change significantly in either aortic segment; however, abdominal aortic DNA nearly doubled in the week surrounding birth (Figure 3) . A small increase in thoracic aortic DNA content per centimeter was not statistically significant. From partum, thoracic aortic DNA per centimeter vessel did not change, but abdominal aortic DNA per centimeter decreased significantly. This decrease did not necessarily indicate cell loss, since there was no significant change in DNA content of the entire abdominal aorta over this time (DNA content was 726±51 ,ug at 3 days and 633±47 ,ug at 21 days postpartum). Thus, a constant population of cells was distributed over an increasing vessel length.
Smooth Muscle Cell Replication Rate
At 140 days of gestation, smooth muscle cell thymidine index was approximately one fifth of that measured at any other time (Figure 4 ). No other significant differences were observed.
Discussion
The most striking finding of the current study was a rapid accumulation of aortic elastin and collagen over the 7-8 days surrounding parturition. Previously, Keeley14 used an in vitro incubation technique to demonstrate a maximal rate of synthesis of elastin by chick aorta in the week surrounding hatching, so this behavior may be highly conserved across species; however, few data from mammals are available. Berry et al15 analyzed constituents of human aortas during development and detected moderate acceleration of elastin accumulation in human aortas near parturition, but comparisons with the current work are limited because they reported only relative tissue contents (fractions of dried fat free tissue). Consequently, generalized responses that affect overall growth of wall tissue are masked. In addition, thoracic and abdominal aortas were pooled and were therefore dominated by the much heavier thoracic segment.
More recently, Davidson et al16 showed that elastin and collagen synthesis rates in pig aorta were higher at 1 and 14 days postpartum when compared with 90 days of gestation (-30 days before birth) or 60 to 120 days postpartum. These findings are consistent with ours, although the absence of data from late gestation did not allow the onset of rapid synthesis to be defined.
We do not know what stimulated connective tissue accumulation during the perinatal period. Increases in arterial pressure associated with normal develop-ment5 and hypertension4J7 stimulate the synthesis of connective tissue to thicken the vessel wall and reduce tensile wall stress; however, the rate of tissue accumulation in the aorta rose well before systemic arterial pressure. Thus, it was clear that pressure was not a direct stimulus for this tissue synthesis. We hypothesize that connective tissue accumulation was a preadaptive response in preparation for the increase in arterial pressure that we measured by 3 weeks postpartum. Current experiments are exploring the role of hormonal changes associated with the onset of labor and parturition as potential initiators of the connective tissue synthesis.
Increases in thoracic aortic elastin accumulation in the immediate perinatal period were more modest than in the abdominal aorta and, indeed, did not reach significance. Relative rates of elastin accumulation were very high throughout the perinatal period for this vessel segment. If they were near maximal levels, then this could account for the modest stimulation at or near parturition.
Our finding that the thoracic aorta continued to accumulate connective tissue from 3 to 21 days postpartum, while the abdominal aorta did not, agreed with our previous results that showed no increase in wall mass in the abdominal aorta at this time. 8 We attribute a reduced growth rate of the abdominal aorta to the much decreased flow carried by the vessel when the placenta is lost at birth. Previously, we3 and others12 have shown that experimental blood flow changes during development alter growth of arterial diameter and accumulation of medial tissue mass. The thoracic aorta is also deprived of placental blood flow at birth, but it delivers increased perfusion to visceral tissues via the celiac, superior mesenteric, and renal arteries, which largely offset this decrease.18"19 These branches arise proximal to the subrenal abdominal aorta; the flows they carry cannot influence growth of this vessel segment.
It was intriguing that the smooth muscle cell thymidine index for the abdominal aorta was relatively high at 3-21 days postpartum, while total vessel wall DNA content did not change over this time. If it is assumed that these cells spend about 8 hours in the S phase of the cycle and that no cell death occurs, then a thymidine index of 1.5% (Figure 4) should result in more than doubling of DNA content. It appears, therefore, that a significant portion of cell replication in this vessel represents turnover rather than proliferation. Thymidine indexes derived from O-1 in vitro incubations have not been widely used, but it is unlikely that they overestimate cell replication rates. Even when maximally stimulated by injury, smooth muscle cells take about 24 hours to enter the S phase,20 so it is improbable that artifactual entry into the S phase characterizes the 2-hour incubations used in this study. We are unaware of previous data on smooth muscle cell death rates during early development, but it appears that substantial cell turnover is involved in remodeling of the media during this phase of development.
In summary, we have demonstrated very rapid accumulation of elastin and collagen in the aorta in the immediate perinatal period. This accumulation continues in the thoracic aorta, but it is rapidly arrested in the abdominal aorta, probably in association with the profound decreases in blood flow carried by this vessel after birth. We propose that this rapid tissue synthesis preadapts the vessel to the large blood pressure increases that occur postpartum.
